Ninety-six per cent of the original subjects were traced after a period of 10 to 12 years; 202 were dead, and data obtained on re-examination were complete for 639. Except in one case of myocardial infarction, subjects with "borderline" or frank electrocardiographic abnormalities showed no symptoms of the development of heart disease. It is argued that the borderline abnormalities, considered as a group, must have little pathologic significance; otherwise, out of the relatively large number of subjects in this group, some would have exhibited symptoms. Although heart disease did not develop in any of the subjects with frank electrocardiographic abnormalities, such as bundlebranch block, the same argument does not hold with equal force because of the small number of cases in that group.
A N ANALYSIS of the electrocardiograms obtained from 1000 young healthy aviators was reported 10 years ago from this laboratory.' The results of the analysis were of interest chiefly because some of the findings fell outside the range generally considered to be normal. At that, time it was impossible to decide whether the normal range should be extended or whether these findings were to be attributed to unrecognized heart disease. Since these electrocardiographic abnormalities occurred in healthy persons, they were tentatively classified as "borderline," and two lines of inquiry were followed in an effort to assess their significance.
The first approach consisted in determining if the borderline abnormalities observed in the pilot group were to be found in the electrocardiograms obtained from younger subjects. Accordingly, a cardiovascular survey was carried out on 2600 healthy school children in whom degenerative heart disease was extremely unlikely.2 Not only were the same borderline variations discovered, but they appeared more frequently than in the pilot group.
From the United States Naval School of Aviation Medicine, Naval Air Station, Pensacola, Florida. Opinions or conclusions contained in this report are those of the authors. They are not to be construed as necessarily reflecting the view or the endorsement of the Navy Department. 384 The exception to this generalization was a single instance of left bundle branch block in one of the pilots. The second approach, which forms the basis of this report, was a follow-up study of the original group of pilots after an interval of at least 10 years.
SUBJECTS AND PROCEDURE
One thousand pilots and flight students served as subjects for the first electrocardiographic study which was carried out from July 1940 to March 1942.* Nine hundred and fifteen were naval aviators or flight students, and the remainder were advanced student aviators in one of the government sponsored training programs. They were all men whose ages ranged from 20 to 30 years with a mean of 23.7 years. They had been selected for flight training only after meeting the most exacting physical requirements and, in addition, each subject received a careful physical examination at the time the studies were made. None had signs, symptoms, or a history of heart disease. The electrocardiograms (leads I, II, III, CF4, CR4) were recorded using an amplifier type of electrocardiograph (Sanborn Cardiette). In all but a few instances the subjects were under basal conditions at the time the record was obtained.
The subjects have recently been traced through use of Navy, Marine Corps, Veterans Administration, and Civil Aeronautics Administration files and through information received from colleges, families, former employers, and other subjects. * In the remainder of the paper this will be referred to as the "first" or the "1940" examination.
Circulation, Volume X, September. 1954 1PA(KAiRI), (RTLNi{AND GRUAYBIIi38 left bundle-branch block, and one characteristic of myocardial infarction. The following statistical analysis is therefore based on the measurements of two electrocardiograms obtained 10 or more years apart from each of 639 healthy men.
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Heart Rate and Rhythm
Because the electrocardiograms were obtained with the subjects under basal conditions during the first examination but not during the second, it was not surprising that the mean heart rate had increased from 63.5 to 74.6 beats per minute. Table 2 shows the 1940 and the 1950 rate for each subject and gives the distribution, the mean, and the standard deviation of the heart rates in the two examinations.
In addition, a range is derived by adding and subtracting two standard deviations from the mean heart rate. Statistically, 96 per cent of normal values will fall within this range, and the greater a given value deviates from these limits, the less probable is it that the value is normal. Accordingly, our data indicate that 96 per cent of healthy males 20 to 30 years of age have basal heart rates between 40 and 85, while 96 per cent of men 30 to 40 years of age who are not under basal conditions have heart rates between 50 and 100. Sinus Bradycardia. At the time of the initial examination heart rates below 60 were common (39 per cent of the subjects) whereas on the second examination only 6 per cent of the subjects showed sinus bradycardia (table 2). One subject who had had the extraordinarily slow heart rate of 38 was found to have a rate of 75 at the second examination ( fig. 2A ). He had remained in good health, and the configuration of his electrocardiogram had not been significantly altered. Sinus Tachycardia. The number of men with heart rates greater than 100 increased from 1 (0.2 per cent) to 22 (3 per cent). In most of these subjects the rapid rate was ascribed to tension at the time of the examination, but the subject with the fastest rate (135) presented signs and symptoms suggestive of thyrotoxicosis. Depression of the RS-T segment and T waves was observed in the electrocardiograms of certain subjects with marked increases in heart rates ( fig. 2B ). Marked change in rate was not regularly accompanied by ST-T change, however, as can be seen by comparison of the first and second tracings in figure 2A .
Variations in the Location of the Pacemaker. The tracings of 11 of the re-examined men showed wandering of the pacemaker in and about the sinoatrial (S-A) node in 1940; it was absent in all but one of these tracings in 1950. In one instance it appeared during the second examination but not during the first.
There were two instances of S-A block with nodal escape on the first examination; both subjects remained in good health and had normal electrocardiograms at the time of the second examination. Another man with atrioventricular nodal rhythm in 1940 was still in good health and active as a pilot in 1950, but we have not yet been able to obtain a second electrocardiogram. The S-A node was the pacemaker in the 1950 electrocardiograms of all but one subject, a healthy 33 year old military aviator with previously normal rhythm who was found to have asymptomatic auricular fibrillation. No cause for the arrhythmia was demonstrated, and his rhythm reverted to normal following the administration of quinidine. In the first study there were two subjects whose electrocardiograms showed the syndrome first described by Wolff, Parkinson, and White.4
One was killed in an aircraft accident; it is not known if he had experienced attacks of paroxysmal tachycardia. The other man remained in good health and without symptoms; his 1950 electrocardiogram was unchanged.
A third subject, whose electrocardiogram had been normal in 1940, had a tracing in 1950 which showed a series of typical Wolff-Parkin- In order to study the effect of rate upon the 
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No change (+5 beats)... 153 100 13% 50% 37% Faster by 5 beats or more. 4171100 20% 54% 26% P-R interval, the mean P-R was determined for various heart rates in the first and second examinations. Table 4 includes the results of this analysis; the usual decrease in P-R interval with increasing heart rate is seen in both the 1940 and 1950 figures. However, at any given heart rate, the 1950 mean P-R interval is consistently longer than the 1940 mean P-R interval. Further correlations, not presented here, show that this difference is not due to chance or to changes in blood pressure or body weight, and thus the increase may be due to some factor associated with aging. This effect of age upon P-R interval has been described by others and summarized by Lepeschkin.s Although the mean P-R interval decreased as rate increased, this was not true in each Table 5 illustrates the frequency of change in P-R interval for those whose heart rates increased, decreased, or changed less than 5 beats per minute. It will be noted that in 26 per cent of the men whose rates increased, the P-R interval lengthened 0.02 second or more and, conversely, in 7 per cent of men whose rates slowed, the P-R interval shortened by 0.02 second or more.
The clinician's interest generally centers about P-R intervals shorter than 0.12 second or longer than 0.20 second. All eight instances of short P-R intervals in 1940 became normal by 1950, while in two previously normal records QRS Duration. The QRS duration was meas-ured* only in the limb leads in order to conform with the measurements made in the first study as well as with the New York Heart Association recommendations.'0 There was a notable constancy of the QRS duration in the individual electrocardiograms with but 10 instances of a variation greater than 0.01 second between records (table 6). In 2 of these 10 tracings the QRS duration had increased. In one instance the QRS duration increased from 0.06 to 0.08 second with the development of the S1S2S3 pattern; this pattern has been ascribed to a focal delay in depolarization of the crista supraventricularis of the right ven-tricle1' and is generally assumed to be a congenital anomaly. Although this case does not fulfill the criteria for complete or incomplete bundle-branch block, it is conceivable that the development of the SS2S3 pattern in a middle aged man has the same significance as the appearance of right bundle-branch block. In the second instance the QRS duration was 0.10 second with normal configuration in 1950; the 1940 electrocardiogram was missing, but the QRS duration was recorded as 0.08 second. Three instances of bundle-branch block which were excluded from the statistical analysis are worthy of additional comment. In one case the electrocardiogram of a 40 year old pilot in apparently good health changed from normal, with a QRS duration of 0.09 second, to the typical pattern of complete right bundle-branch block (QRS duration 0.13 second). Because of the relative stability of the QRS duration in the majority of the subjects, he will be followed with the expectation that the marked changes in QRS duration may represent the first signs of cardiac disease.
Another case of interest was that of a 37 year old pilot whose electrocardiograms are shown in figures 3A and 3B. Complete right bundlebranch block developed within seconds after he was startled by a pistol shot during the initial study, and the block persisted for several days. Many electrocardiograms in 1952 and 1953 showed transient right bundle-branch block although this disorder had not caused symptoms nor affected his career as an aviator. Occasionally, the tracings showed the bundlebranch block appearing or disappearing; the phenomenon was not associated with a critical second, a change which is expected because of the increase in mean heart rate from 64 to 75. In table 4 the effect of heart rate upon the mean Q-T interval is demonstrated; it will be noted that with increasing heart rate the mean Q-T interval decreased in both 1940 and 1950 and that the mean Q-T intervals for any given heart rate are about the same on the two examinations. This is in contrast to the mean P-R interval which shows an increase with increasing age as well as a decrease with more rapid rates. Although the mean Q-T interval decreases with increasing heart rate, the Before Startle fig. 2A ) although in rare cases notches disappeared or appeared. In one instance the first electrocardiogram was characterized by inverted P waves in leads II and III, and the same configuration was still present 11 years later. Detailed measurements of the P waves were not carried out in the second study. QRS Deflections. The majority of the changes observed in the ventricular deflections were related to changes in the position of the cardiac electrical field. The mean QRS axis in the first study was +61.6 degrees as shown in table 8, with a range of -35 to +-120 degrees.
Only 10 electrocardiograms (0.2 per cent) showed electrical axes of less than 0 degrees, and in eight the axis was greater than 90 degrees ( fig. 5 ). In the second study the mean QRS axis was +48.2 degrees with a range of -45 to +95 degrees. The electrical axis in 27 (4.3 per cent) of the electrocardiograms was less than 0 degrees but over 90 degrees in only one. The second electrocardiograms of the eight subjects, whose first electrocardiograms had axes of greater than 90 degrees, all had axes of 90 degrees or less. The magnitude of the changes in QRS axis is shown in table 9 and figure 6. The electrocardiograms of 195 (30.9 per cent) of the subjects showed no change of electrical axis. In the electrocardiograms of 386 of the subjects (61.2 per cent) a counterclockwise or minus deviation of electrical axis had occurred: In the majority (332 (-30 degrees) in the first study. Furthermore, the most marked (-60 degrees) counterclockwise shifts did not occur predominately in those persons whose electrocardiograms had shown the most rightward positions in the first study.
Neither the position of the electrical axis of QRS nor the change in axis was related to the level of systolic or diastolic blood pressure. Height was a definite but minor factor in the position of the axis, with tall persons having more rightward positions. Absolute weight was a major factor in the position of the QRS axis in both studies, with heavier persons having more leftward positions. The change of axis was related to change in weight, increasing weight tending to deviate the axis to the left. Of the 10 subjects with axes of less than 0 degrees in the first study, eight remained less than 0 degrees. These electrocardiograms were all characterized by an rS complex in leads III and aVF and a qR complex in leads aVL and I (counterclockwise frontal QRS vectorcardiogram) with normal T deflections. The stability of this particular pattern over the 10 year period suggests that marked left axis deviation with this configuration need not be regarded as abnormal.
As a result of the incidence of the shift of the mean electrical field in a counterclockwise direction, there occurred an increase in the had heart disease become manifest in 1950. In none of the electrocardiograms in the second study was the Q of lead aVr greater than the R of this lead, and in no case was a Q of lead aVF wider than 0.04 second.
Almost without exception the electrocardiographic leads were qualitatively similar in the two studies; the QRS pattern observed in each of the leads in the first study tended to persist, although quantitative changes in the ratios of the amplitudes of the various deflections to each other commonly occurred, especially in lead III. T Deflections. The mean electrical axis of T observed in the first study was +42.6 degrees and the range was -30 to +85 degrees; in only one electrocardiogram was the T axis greater than +75 degrees (T of aVL more negative than T of lead I positive), and in only two, less than 0 degrees (T of lead III and aVF inverted). (See fig. 8 .) The mean T axis in 1950 had changed only 1.9 degrees in a counterclockwise or minus direction to +40.7 degrees; the range of the T axes in the second study was from -20 to +85 degrees; in only two electrocardiograms was the T axis greater than +75 degrees and in only four cases less than 0 degrees. The with those of QRS in figure 6 ; less change occurred in the T axes than in the QRS axes, and deviations in a clockwise as well as in a counterclockwise direction frequently occurred. Marked lowering of the voltage of the T waves in both the limb and chest leads was noted in two instances. This change in voltage was not accompanied by an appreciable change in the direction of the T axis and could not be correlated with any change in the clinical status of the two men. The future health of these subjects will be followed with more than ordinary interest.
QRS-T Relationship. The relationships of the electrical axes of QRS and T in the two studies are presented in tables 10 and 11; the averages of the T-axis positions for each of the QRS axis positions are shown on the bottom line of the tables. In accord with previous experiences, inversion of T3 (T axis less than +30 degrees) was found more commonly with more counterclockwise positions of the QRS axis (horizontal electrical position). Conversely, inversion of T in aVL (T axis greater than +60 degrees) was more common with the more clockwise positions of the QRS axis (vertical electrical position). T-axis deviations of greater than +75 degrees or less than 0 degrees, however, 395 ANALYSIS OF ELECTROCARDIOGRAMS not only occurred rarely but were not clearly related to marked deviations of the QRS axis. The mean angle between the QRS and T axes, the QRS-T angle, found in the two studies is shown in table 8. From inspection of tables 10 and 11 this angle may be calculated for the various QRS positions, and it will be noted that it was greatest when marked left or right axis deviation of QRS was present. In 98 per cent of the electrocardiograms in 1940 and 1950 the QRS-T angle was +60 degrees or less.
In 77 per cent of the electrocardiograms in 1940 the T axis was counterclockwise to the QRS axis (positive QRS-T angle); in 11 per cent QRS-T equalled 0, and in 12 per cent the T axis was clockwise to the QRS axis (negative QRS-T angle). In 66 per cent of the electrocardiograms the same relationship obtained in the 1950 records. A detailed study of the QRS-T relationships in the electrocardiograms of these and other healthy persons will be presented later. 13 RS-T Segment RS-T segment depressions greater than 0.5 mm. were not encountered in either study with the exception of the case of left bundle-branch block and the cases of the Wolff-Parkinson-White syndrome. One subject presented a peculiar flattening of the RS-T segment with low T waves reminiscent of an electrocardiographic abnormality found in a southern family.14
Precordial Leads
Precordial leads CF4 and CR4 were used during the first study whereas the second study utilized leads V1 through V¾. Although direct comparison between the two was not possible, marked differences were not found between CF4 and ¾4. In only one case did abnormalities show up in the chest leads which were not evident in the limb leads. In this one case a QS pattern was found in leads V1, V2 and V3 suggesting an old anterior myocardial infarction. However, the limb leads were normal and unchanged over the 10 year period; CR4 and CF4 in 1940 closely resembled ¾4 in 1950. The subject had had no symptoms suggesting an infarction, and it therefore seems likely that the same configuration in V¾, V. and V3 might have been present in 1940 had these leads been taken.
The Influence of Certain Physiologic Variables
An attempt was made to measure the effect of change in age, weight, heart rate, and blood pressure on the electrocardiogram in the case of subjects who had normal records on both examinations. It was found that the QRS duration was not affected; the Q-T interval showed the expected change with heart rate, which could partially be corrected by using Bazett's formula, but was unaffected by increase in age, body weight, or blood pressure; the P-R interval, on the other hand, lengthened with increasing age but was not affected by body weight or changes in blood pressure. The effect of heart rate upon P-R interval is well known. Although our data confirm this relationship for the group as a whole, it was somewhat surprising to find the wide individual variations. The direction of the QRS axis was found to shift counterclockwise with increasing age, probably because of simultaneous increase in weight. The height of the subject also was a factor in determining the original position of the QRS axis, but blood pressure within the normal range was not a factor. The change in T axis was slight and not definitely related to these factors or regularly related to the change in QRS axis. Our data support those recently published by Simonson and Keys.15 A more extensive study on the importance of these variables on the form of the electrocardiogram will be the subject of a forthcoming report.
In table 12 we have compiled proposed "ranges of normal" for various measurements at different heart rates. Each range includes 96 per cent of the observations (plus or minus two standard deviations from the mean). These ranges vary only slightly from those in common use. We regard this as an excellent testimony to the reliability of the method especially when it is realized that, in addition to whatever unknown physiopathologic changes might have occurred in the individual subject, the electrocardiograms were obtained under widely differing environmental circumstances by many operators using various types of electrocardiographs.
Correlation of the Electrocardiographic Findings
These findings support the conclusion that an electrocardiogram obtained at an early period in life, the so-called "baseline electrocardiogram," is valuable for future comparison.
There were 8 per cent of the cases in which comparison of the two tracings revealed significant differences. In a few instances the changes could be attributed to the development of definite or probable heart disease, but in the majority the differences consisted in the inexplicable appearance or disappearance of borderline variations. Although this probably indicates a lack of reliability in the electrocardiographic method, it is also possible that otherwise unrecognizable heart disease may be the cause of these differences in the two records, a possibility which leads us to a discussion of the validity of the electrocardiogram. Validity in clinical electrocardiography is concerned with the regularity of the association of abnormal records with the presence, and normal records with the absence, of heart disease. Although certain patterns of electrocardiographic variation are related in greater or less degree to specific types of cardiac defect or disorder, the validity is generally recognized to be poor, for a normal tracing is frequently obtained from a person with definite heart disease and, less often, an abnormal record is obtained from an apparently healthy individual.
Our experience, as summarized in the previous section, confirms the lack of validity of the electrocardiographic method. Of four men with definite heart disease, only one had an abnormal electrocardiogram, and of 20 men with possible heart disease as evidenced by hypertension or enlarged hearts, none had an abnormal electrocardiogram. Conversely, a number of men with borderline or frankly abnormal tracings have no other subjective or objective evidence of heart disease. Although these men have been followed for a period of at least 10 years, making latent heart disease unlikely, a final answer must await additional periodic examinations. SUMMARY 1. Ninety-six per cent of a group of 1000 healthy aviators whose electrocardiograms were analyzed in 1940-1942 were traced after an interval of at least 10 years.
2. Two hundred and two men had died.
Trauma caused 193 deaths, disease seven, and the cause was unknown in two. Only one man died of heart disease (myocardial infarction); his electrocardiogram had been normal in 1941.
3. Seven hundred and three men were reexamined and only four were found to have objective evidence of heart disease: One had coronary heart disease with myocardial infarction, two had hypertensive heart disease, and one had chronic cor pulmonale. Eight other men showed enlargement of the heart by x-ray examination, without other evidence of heart disease. Twelve others had blood pressures greater than 145/95 mm. Hg with otherwise normal findings. moved slightly to the left from 42.6 degrees to 40.7 degrees. 5 . The effect of change in heart rate, age, weight, and blood pressure on these electrocardiographic measurements is discussed. On the basis of these findings ranges of normal are proposed which vary only slightly from those suggested by other authors. 6 . Certain unusual cases were not included in the statistical analysis but are described briefly. These include two instances of the Wolff-Parkinson-White syndrome, two instances of complete right bundle-branch block, and one instance of complete left bundlebranch block.
7. There was a wide range of measurements of the electrocardiograms of these healthy men but in the individual cases the change over a 10-year period was relatively slight. This was true both for the normal electrocardiograms and for those which fell in the borderline zone between normal and abnormal. The reliability and validity of the electrocardiographic method is discussed in the light of these findings.
SUMARIO ESPANOL
1. Noventa y seis por ciento de un grupo de 1000 aviadores saludables cuyos electrocardiogramas fueron analizados en 1940-42 fueron trazados luego de un intervalo de no menos de 10 afios.
2. Docientos dos hombres murieron. Trauma causo 193 muertes, enfermedad siete y la causa fue desconocida en dos. Solamente un hombre muri6 de enfermedad cardiaca (infarto del miocardio); su electrocardiograma fue normal en 1941.
3. Setecientos tres hombres fueron re-examinados y solo cuatro fueron hallados tener evidencia objetiva de enfermedad cardiaca: Uno tenia enfermedad coronaria con infarto del miocardio, dos tenian enfermedad hipertensa cardiovascular y uno tenia cor pulmonale cronico. Ocho otros hombres mostraron engrandecimiento del corazon al examen radiologico, sin otra evidencia de enfermedad cardiaca. Doce otros tenian presiones arteriales mas altas que 145/95 mm. de Hg con hallazgos normales por lo demas. 4 . En 639 hombres los electrocardiogramas de 1940 y 1950 fueron sujetos a analisis estadistico. El pulso aument6 de un promedio de 64 a 75 pulsaciones por minuto, el intervalo P-R aument6 de 0.154 segundos a 0.159 segundos no obstante el aumento en pulso; el promedio de duracion de QRS cambi6 muy ligeramente de 0.087 segundos a 0.085 segundos y el promedio de intervalos Q-T no corregidos dismi-nuy6 de 0.384 segundos a 0.361 segundos. El eje QRS (promedio del plano frontal del vector QRS) se movi6 hacia la izquierda de 61.6 grados ha 48.2 grados y el eje de la T (promedio del plano frontal del vector T) igualmente se movi6 ligeramente hacia la izquierda de 42.6 grados ha 40.7 grados. 5 . El efecto del cambio en el pulso, edad, peso y presion arterial en estas medidas electrocardiogrificas se discute. Basado en estos hallazgos se proponen valores normales que varian ligeramente de aquellos sugeridos por otros autores.
6. Algunos casos poco usuales no fueron incluidos en el analisis estadistico pero se describen brevemente. Estos incluyen dos casos del sindrome Wolff-Parkinson-White, dos casos de bloqueo completo de rama derecha y un caso de bloqueo completo de rama izquierda. 7 . Hubo una diferencia grande en las medidas de estos electrocardiogramas en estos hombres jovenes pero en los casos individuales durante un periodo de 10 afios la diferencia fue muy ligera. Esto fue cierto en ambos, en los electrocardiogramas normales y en aquellos que cayeron en la colindancia de lo normal y lo anormal. La confiabilidad y la validez del metodo electrocardiogrifico se discute a la luz de estos hallazgos.
